A novel and promising application of a geochemical tool adapted to medical science is the thermodynamic and kinetic modeling of the behavior of minerals in fluids similar to lung fluids (or simulated lung fluids, SLF). Reaction-path modeling for chrysotile, anorthite, K-feldspar, talc, muscovite, kaolinite, albite, and quartz under physiologic conditions in SLF gives dissolution times for these minerals as: chrysotile < anorthite < K-feldspar < talc < muscovite = kaolinite = albite = quartz. For the reaction of these minerals with SLF, hydroxylapatite (a mineral initially supersaturated in SLF) and several other secondary minerals were predicted to form (e.g., mesolite is predicted to precipitate during dissolution reactions of other Al 3+ -containing minerals). Batch experiments using SLF and a brucite/chrysotile mineral mixture confirm that hydroxylapatite forms during reactions in SLF, potentially a function of having a seed crystal in the brucite, chrysotile, or hydromagnesite (predicted to form from brucite dissolution) present. Moreover, SEM analysis of lung tissue also confirms the formation of calcium phosphates (e.g., hydroxylapatite). Reaction-path modeling of minerals under physiologic conditions provides insight into mineral behavior in the body; predicted mineralization pathways associated with pleural plaques and the predicted formation of Al 3+ -bearing minerals during reaction-path modeling deserve attention when considering pathologies in the body.
inTroDucTion
Although minerals and poorly crystalline inorganic particles with compositions similar to minerals commonly form in the human body, geoscientists are not typically involved in their study. Bones and teeth are constructed and deconstructed daily in the presence of physiologic fluids, and this process is well researched and documented (e.g., Skinner 2005; Glimcher 2006 ; and references therein). Pathologic minerals precipitated within the body such as gallstones, kidney stones, and tissue calcifications are not uncommon, with gallstones affecting up to 20% of the population, and kidney stones affecting up to 5% (McCance and Huether 2002) . The geologic community is recognizing that geochemical techniques used to predict, identify, and quantify minerals in low-temperature aqueous environments such as surface waters can be adapted to and useful in other low-temperature environments, namely the human body.
Medical geology is a relatively new concept, but geologists have been aiding the regulatory and health-care communities for several decades (e.g., Guthrie and Mossman 1993) . Over the past 10 years, several geologic conferences have focused on this increasingly recognized subfield of geology, and with each conference, geologists and other researchers identify more research topics and adapt various techniques, continuing to merge the health-care and geology fields. To that end, in 2005 the Geological Society of America established the Geology and Health division.
Humans are constantly inhaling and ingesting minerals. Most of these minerals are not pathologic, while others may cause disease. What makes one mineral pathologic and another not? Dose, mineral size, density, morphology, crystallinity, dissolution kinetics, and chemical characteristics all can play a role in the pathologic effects of minerals (Plumlee et al. 2006; van Oss et al. 1999) . Moreover, there is a distinction between toxicity and mutagenicity of a mineral (Davis 2001) . A toxic mineral is one that destroys cells and causes an inflammatory response in the body, and in the lung often causing a fibrosis. As an example, both asbestos and quartz can be toxic leading to asbestosis and silicosis, respectively, if the doses are high enough. Gunter (1999) provides an overview of health issues associated with quartz inhalation and Norton and Gunter (1999) discuss relationships between quartz-rich PM10 and respiratory diseases in Idaho. Mutagenic or neoplasic behavior refers to the ability of a mineral to actually disrupt the normal cell replication process, which may lead to cancer. Amphibole asbestos such as crocidolite, for example, has been associated with mesothelioma, a type of cancer that is associated with amphibole asbestos exposure (McDonald and McDonald 1997) ; also see Gunter et al. (2007a) for a discussion on amphibole exposure and health issues. Understanding the specific physiological reactions that cause these effects is an active area of research and another way mineralogy and * E-mail: mgunter@uidaho.edu † Open Access, thanks to the author's funding. Article available to all readers via GSW (http://ammin.geoscienceworld.org) or the MSA website. geochemistry may provide valuable insight. For example, some mineral surfaces are known to generate free radicals at defects and electron hole-pair sites that may be an avenue of significant cellular destruction (Borda et al. 2003; Cohn et al. 2006; Dutta and Moudgil 2007) .
Reaction-path modeling is a tool used by aqueous geochemists to predict the behavior of minerals in a particular fluid. Models can be developed for closed or open environments with a specified primary fluid composition and, if desired, a secondary fluid that flushes through the system at designated points of time. Reaction-path modeling was used by Wood et al. (2006) to predict the behavior of tremolite and chrysotile in simulated lung fluids. The present paper reports reaction-path modeling of the interaction of selected rock-forming minerals with simulated lung fluid (SLF) and considers the geochemical properties of these minerals in the body. Aqueous batch experiments and scanning electron microscope (SEM) analysis of calcified pleural plaques confirm the modeling prediction of the precipitation of calcium phosphate particles in the lung from a simulated lung fluid composition that is initially supersaturated with respect to hydroxylapatite.
experiMenTAl MeThoDs

Reaction-path modeling
For this project, modeling of the dissolution reactions of single minerals (as opposed to mixtures of minerals) was performed as a first step toward understanding dissolution processes under simulated lung conditions. Eleven rock-forming minerals (Table 1) were initially considered for reaction-path modeling under physiologic conditions. These minerals were chosen because of their predominance in the environment and/or their use in industry. However, efforts to model tremolite and diopside flushed with lung fluid at pH 7.4 were unsuccessful (multiple attempts to do this with the approaches outlined below did not numerically converge to a solution) and therefore are not included in the results.
The Geochemist's Workbench (GWB) (Bethke 1996) and a thermodynamic database (thermo.com.v8.r6+.dat) included with the package were used for our calculations. Thermodynamic data for struvite, MgNH 4 PO 4 , were added to this database for use in these calculations as this mineral has been found to be a potentially important biomineral in human systems (Aage et al. 1997; Kofina and Koutsoukos 2005; Bhuiyan et al. 2007 ). This geochemical modeling program allows the user to simulate mineral dissolution in many different fluid types and predict the precipitation of secondary minerals over time. Previous research on the behavior of chrysotile and tremolite asbestos, two asbestiform minerals important to public health (Wood et al. 2006) , provides a detailed description of the tools used in this paper. The minerals and the rate constants used for modeling are listed in Table 1 . With the exception of calcite, all minerals were silicates.
Dissolution rates for silicate minerals in neutral pH solutions are often expressed as variable order with respect to H + (Drever 1994; Lasaga et al. 1994 ), dependent on the specific area of wetted surface, A w (Paces 1983; Langmuir 1997) and vary as a function of approach to equilibrium expressed as the saturation index (Langmuir 1997) rate ka K H eq
where, k is the rate constant and a H is the activity of H + . At near-neutral pH (i.e., physiologic pH), the rate law becomes zero-order with respect to hydrogen-ion activity leaving the rate constant (k) of the dissolution reaction equal to the rate of the reaction divided by the surface area at near-neutral pH and far from equilibrium (Blum and Stillings 1995; Hellmann 1994) .
In the presence of organic acids, dissolution rates for silicates generally increase (Cama and Ganor 2006; Golubev and Pokrovsky 2006; Welch and Ullman 2000; Blum and Stillings 1995) . Unfortunately, thermodynamic and kinetic data for all possible organic complexes involved in the dissolution of minerals in the body do not exist. One can extrapolate, however, from previous laboratory and field research, that the presence of organic acids in the body will increase the rates of mineral dissolution under physiologic conditions. As well, the intracellular pH of a macrophage, one of the cellular defenses to foreign particles in the lungs, is 4.5 (Plumlee et al. 2006 ), so we can expect the rate of dissolution also to increase if the mineral is engulfed by a macrophage. Enzymatic effects on dissolution rates (potentially resulting in an increase or decrease in overall dissolution rates) should also be considered to more fully describe the reactions governing mineral dissolution in the body. The current work uses existing thermodynamic and kinetic data to constrain possible mineralization processes in SLF; clearly there are additional complexities to consider and a need for better data, but that is outside the scope of this work.
The Geochemist's Workbench uses a kinetic dissolution model based on total surface area, rate constant, and solution saturation state. The model is defined as rate k
where, A s is the total surface area (determined from the mass of the mineral present and a surface area per mass term), k + is the rate constant for the forward reaction (dissolution) at constant pH, Q is the ion activity product for the dissolution reaction, and K eq is the equilibrium constant for the dissolution reaction. The term
indicates the state of solution saturation with respect to the dissolving mineral phase. Surface-area calculations were based on mineral morphology and particle density estimates for lung tissue of people exposed to occupational and environmental doses. Two different morphologies were used: a sphere and a rectangular prism representing the 3:1 aspect ratio commonly used by regulatory agencies when counting fibers in an occupational setting. These morphologies approximate the two most common morphologies of the minerals in this project. Surface area constraints for minerals in The Geochemist's Workbench must be normalized to mass (cm 2 /g). Therefore, to determine the surface area of a mineral per unit mass in the lung, the surface area of a single crystal was divided by the volume of the crystal and the particle densities. For the sphere morphology, the simplified equation is
where r is the radius and ρ is the mineral density. For a rectangular prism, the equation is
where, a, b, and c are the length, width, and height of the prism, respectively, and ρ is the mineral density.
To illustrate the effects of surface area and dose on mineral dissolution and secondary mineral formation, models were constructed to represent both morphologies (sphere, s, and rectangular prism, rp) across an order of magnitude in surface area (10 000 and 100 000 cm 2 /g), for mineral masses corresponding to environmental (25 000 particles/mg dry lung) and occupational (300 000 particles/ mg dry lung) exposures. Chosen surface areas correspond to particle sizes of 0.2 and 2 μm diameter spheres and 0.2 × 0.2 × 0.6 and 2 × 2 × 6 μm rectangular prisms. Tables 2 and 3 list the total masses for fixed surface areas of 10 000 and 100 000 Blood plasma constantly exchanges components with cells of the lung and the surrounding extracellular fluid, and it is within this small volume of fluid between lung cells that inhaled minerals might react. The composition of extracellular lung fluid is assumed to be similar to blood plasma [though with lower concentrations of albumin, globulin, and fibronigen; Moss (1979) ; Kanapilly (1977) ; Mattson (1994) ], and therefore the simulated lung fluid (SLF; Table 4) for these calculations is similar to that of blood plasma; we are however, modeling only the electrolyte composition of this fluid and not considering the organic ligands in this model. The composition of this SLF in this work is similar to those used in several other studies (Jurinski and Rimstidt 2001; Takaya et al. 2006; Burastero 2003, 2004; Ford et al. 2008) (Table 5 ). This SLF is constrained to a fixed physiological pH (7.4) and a fixed P CO2 fugacity (0.052) based on median values for healthy adults (Pagana and Pagana 2001) . Additionally, an aluminum concentration of 370 nM was used, based on an upper limit of aluminum in blood plasma for healthy adults (Hewitt 1990) , and a K + concentration of 0.004 M was used based on median values of for healthy adults (McCance and Huether 2002) . It is of importance to note that some components reported for aqueous blood fluid composition do not differentiate between inorganic and organic sources. A critical example is for phosphorus; P can exist as phosphate (the PO 4 3-ion and protonated forms) and as organic molecules, yet we are unaware of any analysis of blood plasma or lung fluids that may differentiate the phosphate-organic P content of the fluid. The level of phosphorus in SLF used in this study is also similar to levels of inorganic orthophosphate found in rat lung airway surface fluids (Govinderaju et al. 1997) . Table 2 . Total mineral mass for environmental (25 000 particles/mg dry lung) and occupational (300 000 particles/mg dry lung) exposures at constant surface area for spheres Nitrogen in these lung fluids was assumed to be present mainly as ammonia, 950 μg/L NH 4 + , based on median values for healthy adults (Pagana and Pagana 2001) , and was decoupled from nitrate in the model.
To simulate reasonable scenarios for the fate of minerals contained in lung tissue, several different models were used to illustrate potential mineral behavior, and several factors were varied over two orders of magnitude to highlight potential uncertainty regarding physical and physiological factors key to these mineral reactions. The model for mineral reactivity is based on the conceptual framework that a certain mass of a specific mineral (using 2 masses to represent median particle densities associated with occupational and environmental exposure; Tables 2 and  3 ) of a certain morphology (here comparing a spherical vs. a 3:1 aspect ratio shape) is in contact with a volume of lung fluid (10 mL) that is replaced over a certain time interval (this model looks at a 50 year residence time in lung tissue). The mineral in question will react with the lung fluid that is replaced with a volume of new, identical, "fresh" fluid in time steps; each step is a certain amount of time during which some of the mineral dissolves into the new fluid (based on an empirical dissolution rate), the ions from that dissolution combine with those in the lung fluid and precipitate minerals that are supersaturated. This can be done using a "flush" model design available in the GWB package, where each time step models how a new batch of fresh lung fluid (this fresh batch displaces the fluid from the prior step but leaves behind the minerals) interacts with the mineral of interest that is left and the secondary minerals deposited as a result of the prior step. This simulation in the GWB requires the mineral in question to constrain the concentration of a major ion (Bethke 1996) and a fluid of identical composition to the starting solution to be a reactant over these steps. The amount of fluid per day (flush rate) can be changed by changing the amount of total fluid involved in each time step. Depending on the parameters (time, concentration, fluid volume, flush rate, mineral dissolution kinetics), there are hundreds to hundreds of thousands of steps in each simulation. Simpler, non-flush, modeling can also be accomplished for multiple minerals in a given fluid where a given mass of the mineral in question reacts with a fluid over time steps (this is analogous to a titration of the mineral into a set fluid volume), where each step sees a calculation of secondary mineral saturation, with the most supersaturated phases precipitating as secondary minerals at each step to attain equilibrium.
Previous research by Wood et al. (2006) using The Geochemist's Workbench demonstrated that both hydroxylapatite and ordered dolomite were predicted to form in physiologic reactions with tremolite and chrysotile asbestos. However, the authors concluded that dolomite was unlikely to form due to the difficulty of nucleating dolomite at low temperatures (Wood et al. 2006) . Dolomite and other magnesium carbonates have been found in the body in rare occurrences as kidney stones (Mansfield 1980; Gault et al. 1993; Osbourne et al. 1986 ), but the amount of dolomite predicted to form during modeling is quite large. Similarly, even though Wood et al. (2006) demonstrated that quartz was predicted to form in tremolite reactions under physiologic conditions, they concluded that amorphous silica was the more likely phase to precipitate under these conditions. Due to these considerations, two different types of modeling were performed: modeling in which the precipitation of dolomite and quartz (and also magnesite) was suppressed (results presented in this paper) and modeling in which the precipitation of quartz and dolomite was allowed (Taunton 2007) . Precipitation of secondary minerals was assumed to be instantaneous (i.e., because the kinetic factors of mineral precipitation under these conditions are unknown, it is assumed the minerals precipitate fast enough at these conditions to be modeled as instantaneous).
Aqueous experiments
Batch experiments were conducted in 150 mL polyethylene bottles. The physiologic simulated lung fluid for our experiments was adapted from Gamble's solution [modified from Table 7 of Jurinski and Rimstidt (2001) ], a solution that is considered similar to blood plasma [though with lower concentrations of albumin, globulin, fibronigen; Moss (1979) ; Kanapilly (1977) ; Mattson (1994) ]. The difference between the simulated lung fluid used for aqueous experiments and that used for geochemical modeling is that for the aqueous experiments, we included organic acids with the major solution ions. Recall that thermodynamic data are not available for the all of the possible reactions of the included organic acids with the inorganic components of the minerals and fluid, and therefore organic acids were not included in the modeling. All other ion concentrations are the same for the aqueous experiments and the reaction-path modeling. The pH of the solution was adjusted to 7.4 using dilute HNO 3 . The amount of nitric acid was minimal and we assume that little, if any, oxidation of the organic molecules occurred. The mixture of minerals used in these experiments originated from the Carey Canadian Deposit and was characterized by Gunter et al. (2007b) . The mixture is mainly composed of brucite and chrysotile (Gunter et al. 2007b ) and was chosen as representative of what a miner, miller, or other skilled trades-worker might be exposed to while working.
A 100 mL aliquot of Gamble's solution was added to 1 g of the mineral mixture. The reaction vessels were then placed in a shaker bath at 37 °C for six months. The mineral assemblage was then filtered and washed with DI water. Following a method developed by Sanchez and Gunter (2006) and Gunter et al. (2007b) , the mineral assemblage was molded into a paste and, when dry, placed into a back-mount holder and analyzed using powder X-ray diffraction (XRD). Four-hour scans were performed on each sample with a Siemens D5000 θ-θ diffractometer equipped with a solid-state detector using CuKα radiation, operating at 40 kV and 30 mA with a step size of 0.02 °2θ from 5-40°. Count times were 9 s per step.
Calcified pleural plaques
Calcified pleural plaques and surrounding tissue samples were acquired by the authors for scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDS). The pleural plaques were harvested from the autopsy of an 85 year old male who worked as a welder for 40 years and had a one-pack-a-day smoking habit as a young man. The plaques were critically point dried (a procedure used to prepare biological materials for SEM analysis that allows the biological material to retain structural integrity while under a vacuum) and imaged under a variable pressure scanning electron microscope at 15 to 18 kV. Backscattered electron imaging and elemental mapping were also performed to qualitatively determine mineral composition.
resulTs AnD Discussion
Geochemical modeling: Dissolution rates
Dissolution rates, reflecting the residence time of a mineral in the lungs, as calculated in simulated lung fluid, from least to greatest, are: chrysotile < anorthite < K-feldspar < talc < muscovite = kaolinite = albite = quartz (none of the last four minerals dissolves appreciably over a 50 year time span). Figure 1 shows the calculated reaction progress in time for 2 × 2 × 6 μm rectangular prisms of each mineral modeled (having a surface area of 10 000 cm 2 /g). When the mineral rate constants are taken into consideration, it is evident that these results are similar to the relative magnitudes of the mineral rate constants from greatest to least (Table 1 ). Surface area is additionally a critical controlling aspect of overall rates of mineral dissolution [Eqs. 1 and 2; Lasaga (1998)]; Figure 1 illustrates the difference between 10 000 cm 2 /g (2 × 2 × 6 μm) and 100 000 cm 2 /g (0.2 × 0.2 × 0.6 μm) chrysotile particles. Morphology is an important control on reaction rates as well and does affect mineral dissolution rates in lung fluids as pointed out by Jurinski and Rimstidt (2001) and Plumlee et al. (2006) . Figure 1 also illustrates a difference in chrysotile dissolution rates in lung fluids as a function of morphology for occupational doses of spherical or rectangular prism shapes of chrysotile that is caused by both surface area and mass differences (because dose is measured as several particles per dry milligram of lung tissue).
Regardless of dose (occupational vs. environmental) or morphology (spheres vs. rectangular prisms), 99% of chrysotile particles with a 10 000 cm 2 /g surface area dissolve within approximately one year and 99% of chrysotile particles with a 100 000 cm 2 /g surface area dissolve in approximately one month (Fig.  1) . Occupational exposures of 10 000 cm 2 /g rectangular prisms (average size 2 × 2 × 6 μm) of quartz, kaolinite, muscovite, and albite do not appreciably dissolve over a 50 year span, while 99% of anorthite dissolves in five years, 99% of K-feldspar dissolves in 12 years, and 99% of talc dissolves in 35 years (Fig. 1) . Hume and Rimstidt (1992) predicted that a chrysotile cylinder 1 μm in diameter and infinitely long would take 9 (±4.5) months to Chrysotile, 100,000 cm2/g FiGure 1. Consolidated predicted reaction-paths for mineral dissolution in simulated lung fluid at pH 7.4 from individual reactionpaths (see for example, Figs. 2-6 ). dissolve using a shrinking fiber model. Parry (1985) predicted it would take six months for a 1 × 10 μm chrysotile fiber to dissolve by 30% based on calculated rates of H + transport into cells and Mg 2+ and SiO 2 (aq) out of cells. Jurinski and Rimstidt (2001) calculated the dissolution time of a 1 μm sphere of chrysotile as seven months using a model similar to that of Hume and Rimstidt (1992) . Wood et al. (2006) used reaction-path modeling to determine that, in a mixture with tremolite and chrysotile at pH 6.8, chrysotile dissolves after about 50 days.
Overall, our predicted dissolution times for chrysotile and talc are similar to earlier predictions (Hume and Rimstidt 1992; Parry 1985; Jurinski and Rimstidt 2001) as well as experimental data (Hume and Rimstidt 1992) . Differences among the theoretical rates are largely related to the differences in modeling techniques. Hume and Rimstidt (1992) and Jurinski and Rimstidt (2001) use a shrinking sphere model to predict the lifetime of a particle in the lung. This equation is based on the particle diameter, the molar volume of particle, and the particle's rate constant. The shrinking sphere equation does not take into account fluid composition or saturation state as our modeling does, and saturation state affects the dissolution rate of a mineral. The GWB modeling framework calculates surface area at each step based on mineral mass and surface area per gram input values. Surface area does decrease with reaction progress similar to the shrinking core model but the function governing that surface area change is different.
The concentrations of muscovite, kaolinite, albite, and quartz remain relatively constant throughout the 50 year time period under physiologic conditions (Fig. 1) . This is not surprising for two reasons. First, each of these minerals has a rate constant between 10 -16 and 10 -17 mol/cm 2 s, which means that they dissolve relatively slowly. Second, each of these phases is close to saturation in the model physiologic fluid. Therefore, because The Geochemist's Workbench calculates dissolution rates partly as a function of solution saturation state, one would predict that these minerals are kinetically inert under physiologic conditions.
Geochemical modeling: Secondary mineral formation in simulated lung fluids
The composition of the starting SLF (Table 4) is significantly supersaturated with respect to hydroxylapatite (Saturation Index, SI = log Q/K, is 6.9). This is likely overestimated due to organic complexation of Ca 2+ and P, but it is likely that the fluid is at least slightly oversaturated with respect to hydroxylapatite [discussed below, and as observed previously by Plumlee and Ziegler (2003) ]. It is important to note that the aqueous composition of these lung fluids is not well constrained for some of the critical ions associated with mineralization, particularly associated with organic complexation. The goal of this geochemical modeling exercise is to investigate how primary minerals may dissolve in lung fluids and the types of secondary minerals they are likely to produce. We have done this in two ways surrounding the question of hydroxylapatite saturation states in lung fluids: (1) using an initial simulated lung fluid composition that was allowed to initially equilibrate with hydroxylapatite; and (2) using a simulated lung fluid composition that is supersaturated with respect to hydroxylapatite (Table 4) . The results of the former will reflect any secondary mineralization directly related to primary mineral dissolution independent of existing supersaturation conditions.
The results of the latter will reflect precipitation of hydroxylapatite at each step in the flush model where each successive flush of fluid is supersaturated with respect to hydroxylapatite.
Results are presented in the figures discussed below in terms of log time (days) along the x-axis vs. amounts of primary minerals remaining and secondary minerals precipitating along the y-axis.
Chrysotile dissolution models in simulated lung fluids are presented using each combination of exposure (occupational and environmental), surface area (10 000 and 100 000 cm 2 /g), and morphology (spherical and rectangular prisms) in initially hydroxylapatite-supersaturated simulated lung fluids (Figs. 2a-2h ). For chrysotile dissolution (Figs. 2a-2h 
This suite of secondary precipitates differs from the minerals predicted to form as a result of chrysotile dissolution by Wood et al. (2006) , however, those authors did not suppress dolomite. Talc dissolves in these models not as a function of dissolution kinetics, but as a function of undersaturated conditions prevailing as progressively smaller amounts of chrysotile dissolve [yielding lower amounts of Mg and SiO 2(aq) ] as the particle mass and surface area decreases. In the 10 000 cm 2 /g surface area reactions (Figs. 2a-2d) , talc is present under physiologic conditions from one month to 10 years depending on the chrysotile dose. In the 100 000 cm 2 /g surface area reactions (Fig. 2e-2h ), talc dissolves within days (note that only primary mineral dissolution is kinetically constrained in these models. Dissolution of the secondary products is based solely on thermodynamics). However, when considering the slower dissolution rate of talc (models in which talc was the primary mineral indicate talc remains in the body for 2 to 35 years; Fig. 6 ), it is likely that, if talc does indeed form as a secondary product of chrysotile dissolution in the lung, it will not dissolve as quickly as over a period of days. Variations across all eight exposure scenarios for chrysotile (Figs. 2a-2h ) illustrate the range of reaction differences possible as a result of varying mass and surface area; the secondary minerals and the processes governing their formation are identical, only the timing and amounts are different. Considering the dissolution of chrysotile in a fluid initially undersaturated with respect to hydroxylapatite (Figs. 2i and 2j ), the mineralization is very similar with the exception of hydroxylapatite formation. It is noted, however, that precipitation of huntite at early stages of the model where the fluid is supersaturated with respect to hydroxylapatite inhibits hydroxylapatite formation (as huntite limits Ca 2+ in solution) until the aqueous Mg 2+ levels drop as a result of lower overall rates of chrysotile dissolution (due to less mass and, therefore, surface area).
The rate of fluid replenishment in lung tissue (the flushing rate) is a largely unconstrained variable, lacking more precise measurements in human lungs. To consider fluid replenishment, Figure 3 would result in it taking longer to react an equivalent amount of water through the system. Consistent with Figure 2c , huntite formation is constrained to initial conditions, in this case about 10 fluid replenishments over 10 days (100 g = 100 mL of fluid) are modeled to occur before hydroxylapatite and talc are the predominant secondary minerals to form and persist for extended periods of time.
Anorthite 
Figures 4a and 4b illustrates the range of timing and secondary mineral amounts possible for the extremes of dose and surface area (occupational dose of prisms at 10 000 cm 2 /g vs. environmental dose of spheres at 100 000 cm 2 /g). Mesolite was the most supersaturated zeolite calculated in the model and was thus picked as to precipitate (other zeolite minerals were also supersaturated); a detailed experimental investigation of which zeolites may precipitate under these conditions might help constrain our models, but one does not exist to our knowledge. K-feldspar dissolution (Fig. 5 ) is predicted to produce mesolite and celadonite [a clay mineral in the illite group, KMgAlSi 4 O 10 (OH) 2 ]. For lower doses of K-feldspar, not enough dissolution occurs under model conditions to supersaturate these minerals and K-feldspar is predicted to dissolve without formation of any secondary minerals (recall hydroxylapatite formation results from an already supersaturated fluid composition).
Huntite is the only secondary mineral, other than hydroxylapatite, predicted to precipitate during talc dissolution (Fig. 6 ). Jurinski and Rimstidt (2001) did not analyze the reacted solids in their dissolution experiment, but our model results suggest that, in physiological fluids under the flushing rates established, secondary minerals would not form. We note, however, that lower flushing rates may cause more significant supersaturation of secondary minerals.
Mesolite is predicted to precipitate in some of the reactions involving muscovite, kaolinite, and albite [not illustrated; see Taunton (2007) ], but because the rate of reaction is very slow (Fig. 1) , very high doses of these minerals would be required to cause supersaturation of zeolite minerals such as mesolite. Even at higher doses, calcite and quartz dissolution reactions produce no secondary phases other than hydroxylapatite (calcite dissolution would increase the amount of hydroxylapatite forming due to an increase in Ca 2+ ion dissolution into the fluid). Crystalline or amorphous silica phases have often been observed as a product of primary mineral dissolution, including the dissolution of chrysotile (Favero-Longo et al. 2005 ) and talc (Jurinski and Rimstidt 2001) . Our modeling suppressed formation of quartz, as quartz would not be the first silica phase to precipitate under these conditions (Icopini et al. 2005) . All other forms of silica (e.g., opal, cristobalite, tridymite) remained undersaturated in our theoretical system as silica was taken up by a silicate phase such as talc, mesolite, or celadonite before a non-quartz silica phase became supersaturated. Incongruent dissolution of primary phases such as chrysotile or feldspars may release silica at a slower rate than other ions (Jurinski and Rimstidt 2001; Hellman et al. 2003; Icopini et al. 2005; Wood et al. 2006) , which may change how, and if, some secondary phases form.
Several of the primary minerals discussed here are associated with respiratory disease: talc, quartz, kaolinite (Ross et al. 1993) , and chrysotile and tremolite (e.g., Churg 2001) . Out of all of the secondary minerals predicted to precipitate, only talc is suggested to cause respiratory disease (Ross et al. 1993) . However, what is unknown about these predicted secondary phases is their crystallinity (i.e., the morphology and size), which is an important unresolved issue, specifically concerning the physical and/or geochemical interactions with cells, and the effect on disease processes.
As stated earlier, chrysotile, talc, kaolinite, and quartz have all been implicated in respiratory disease. Why do we not see respiratory disease associated with feldspar or muscovite exposure? (a) Simulated dissolution of anorthite rectangular prisms (rp) with a total surface area of 10 000 cm 2 /g at an occupational (300 000 particles/ mg dry lung) dose. (b) Simulated dissolution of anorthite spheres (s) with a total surface area of 100 000 cm 2 /g at an environmental (25 000 particles/mg dry lung) dose.
According to reaction-path modeling, these minerals are just as biodurable (and even more so than chrysotile) as pathologic minerals. One reason might be that mechanical factors could be at play. Plumlee et al. (2006) notes that minerals be inhaled deep into the lungs in order to cause disease. Larger particles (tens of micrometers, possibly the diameter of sheet silicates) are deposited in the upper airways and cleared by mechanical means such as increased mucus production and coughing. Smaller particles (<2 μm) can travel to the alveoli, the air sacs of the lungs, and become lodged there. In this environment, particles must be dissolved by chemical or cellular means [i.e., phagocytosis, see Plumlee et al. (2006) ].
It is interesting to note the predicted formation of aluminous phases such as diaspore, mesolite, and celadonite under physiologic conditions. Diaspore is not as common as other Al-oxide (a) Simulated dissolution of K-feldspar rectangular prisms (rp) with a total surface area of 10 000 cm 2 /g at an occupational (300 000 particles/ mg dry lung) dose. (b) Simulated dissolution of K-feldspar rectangular prisms (rp) with a total surface area of 100 000 cm 2 /g at an occupational (300 000 particles/mg dry lung) dose. (a) Simulated dissolution of talc rectangular prisms (rp) with a total surface area of 10 000 cm 2 /g at an occupational (300 000 particles/mg dry lung) dose. (b) Simulated dissolution of talc spheres (s) with a total surface area of 100 000 cm 2 /g at an environmental (25 000 particles/mg dry lung) dose.
or Al-hydroxide minerals formed in nature such as gibbsite and boehmite (Sparks 1995) . However, it is known to precipitate at low temperatures (Amram and Ganor 2004) . Mesolite occurs in basalts and hydrothermal systems and is also found as weathering products in low-temperature systems. Likewise, celadonite is an aqueous weathering product in the environment. Given the uncertainty inherent in the modeling construct and in the thermodynamic data for mineral phases, these specific phases may not be what would be observed in the lung, but suggest that some mixture of aluminum/aluminosilicate phases are important in controlling aluminum mobility in the lungs. In reference to physiologic conditions, elevated aluminum concentrations are most notably associated with Alzheimer's disease (Perl and Moalem 2006) . In fact, Candy et al. (1986) reported that senile lesions that, in part, define Alzheimer's disease, contained dense aluminosilicate cores. Our modeling results illustrate the possible formation of aluminum-bearing minerals in the body that warrants greater attention when considering the health effects of minerals.
Aqueous experiments
X-ray diffraction analysis of the brucite/chrysotile mineral assemblage after six months in a batch reactor, with a simulated lung fluid, shows that brucite and chrysotile are still present (Fig.  7) . Additionally, hydroxylapatite formed. The ratio of the brucite peak to the chrysotile peak is lower in the reacted material than in the unreacted material. This indicates that brucite dissolves more quickly than chrysotile. This is not surprising because the dissolution rate constant for brucite is six orders of magnitude higher than that of chrysotile (Nagy 1995) . A flush model for these multiple minerals proved impossible with our modeling efforts, but brucite and chrysotile mineral dissolution can easily be modeled using The Geochemist's Workbench without the flush option (a model more appropriate when comparing experimental results). Results from modeling under these experimental are presented in Figure 8 . Kinetic data for brucite were estimated after the Nagy (1995) observations (indicating that brucite dissolves six orders of magnitude faster than chrysotile), though modeling presented is conservatively estimated as a four-orderof-magnitude difference. Note that brucite is expected to react almost completely after about two weeks with a model that likely underestimates the actual reaction rate, yet experimental evidence (Fig. 7) indicates significant brucite remains after six months. The model assumes, however, that the particle surfaces remain accessible; precipitation of secondary minerals on mineral surfaces or sorption of ions onto those surfaces can inhibit dissolution (for review see Brezonik 1994; Brantley et al. 2008) . Also of note is that the model predicts the formation of hydromagnesite; brucite dissolution is known to form this mineral (Xiong 2007; Xiong and Lord 2008) , yet the XRD pattern does not indicate any peaks for hydromagnesite. One possibility to describe the lack of hydromagnesite peaks is the formation of nanocrystalline hydromagnesite that would be X-ray amorphous, or through inhibition (or "armoring") of primary minerals with hydroxylapatite that limited hydromagnesite precipitation to an amount that was below XRD detection limits.
Calcified pleural plaques
Calcified pleural plaques are considered as biomarkers for asbestos exposure but not for quartz exposure. Variable-pressure scanning electron microscopy of calcified pleural plaques and associated tissues reveals the presence of various minerals (mostly calcium phosphates). Figure 9 depicts an occurrence of one such calcium phosphate mineral in both secondary electron and backscattered electron images. The mineral grain is roughly 30 μm in length and 10 μm in width. Elemental mapping and energy dispersive X-ray analysis both confirm that it is a calcium-phosphate "mineral" (Taunton 2007) . The dimensions of this particular mineral grain are of interest for this project. Inhalation of particles occurs daily in humans. However, for a particle to travel all the way to the lungs, certain morphological criteria have to be met. Namely, the dimensions of the particle must be less than about 2 μm in diameter to reach the deepest parts of the lung (Plumlee et al. 2006 ) where this plaque occurred. Thus, the large dimensions of this particle necessitate that it precipitated in place, again supporting the reaction-path modeling results and the likelihood that lung fluids are indeed supersaturated with respect to hydroxylapatite. Whereas the formation of calcium phosphate crystals as bones and teeth in the body is a complicated, well-studied process involving highly specialized "bone-making" cells (Glimcher 2006) , the processes by which calcium phosphate crystals not associated with bones or teeth form in the body is unclear. From the batch experiments and reaction-path modeling discussed, hydroxylapatite can precipitate under simulated lung conditions without any programmed assistance from cells. However, one must assume that, because hydroxylapatite is not found everywhere in the body, there must be other controls involved in the precipitation of this mineral. For example, perhaps cells contribute to the complexation of calcium by producing organic molecules, keeping hydroxylapatite from being saturated. McCance and Huether (2002) described the process of tissue calcification as involving an influx of extracellular calcium into damaged mitochondria. A process that is specific to alveoli in the lungs involves acid excretion around the alveoli that locally creates an internal increase but an external decrease FiGure 7. Powder X-ray diffraction pattern of unreacted (bottom scan) and reacted (top scan) mineral assemblage in batch reactions of brucite and chrysotile in simulated lung fluid at pH 7.4. The unreacted mineral assemblage is the brucite/chrysotile starting material. The reacted mineral assemblage is the initial mineral assemblage after six months in the batch reactor under simulated physiologic conditions. Note the decrease in the amount of brucite present and the presence of hydroxylapatite in the reacted mineral assemblage. 
Additionally, organic ligands are known to affect silicate dissolution rates (Cama and Ganor 2006; Golubev and Pokrovsky 2006; Welch and Ullman 2000; Blum and Stillings 1995) , and can enhance dissolution of apatite thermodynamically by complexing Ca 2+ with an organic acid (decreasing Ca 2+ in Eq. 8 and driving the reaction to the left).
concluDinG reMArks
Reaction-path modeling of rock-forming minerals under physiologic conditions (Figs. 1-6, 8 ) is a unique approach to combining geochemistry, mineralogy, and medical science. Our results represent some of the first to provide geochemical insight into the behavior of minerals under simulated lung fluid conditions and the possible formation of secondary minerals. Reaction rates, available surface area, stability of minerals in lung fluid, fluid replenishment rates, and mineral dose are critical factors to assess mineral durability and secondary mineral formation in human lung tissue. The model prediction of the secondary mineralization of talc, hydroxylapatite, huntite, diaspore, mesolite, and celadonite may additionally be a key factor in considering biodurability and physiological reactions in lung tissue. The prediction that the dissolution of Al-bearing minerals leads to the precipitation of aluminum/aluminosilicate minerals such as diaspore, mesolite, and celadonite is interesting in light of the association of Al 3+ and aluminosilicates with Alzheimer's disease. These results should be considered when addressing pathways of aluminum in the human body. Results from batch experiments and modeling confirm the formation of calcium phosphate minerals, namely hydroxylapatite, under simulated lung fluid conditions. Variable-pressure SEM analysis of lung tissue also confirms the precipitation of calcium-phosphate minerals in the lung independent of teeth and bone formation (Taunton 2007 ).
We hope to highlight that there are significant limitations in the current state of knowledge surrounding the aqueous composition of lung fluids, physiological fluid replenishment rates, and secondary mineral crystallinity; all of these factors likely have significant implications for how mineral inhalation affects human health. Additionally, these models and other attempts to understand the reactivity of minerals in lung fluids would benefit greatly from mineral-fluid reaction studies including detailed mineralogical analysis and the determination of rate constants in more appropriate solutions; such information would help to constrain modeling approaches. All of these results demonstrate that geochemical tools can provide important insights to the medical community; collaboration between geologists and medical professionals can only help continue to refine the understanding of specific mineral reactions in humans and the possible health effects.
FiGure 9. Variable pressure scanning electron image (left) and backscattered electron image (right) of a calcium-phosphate particle in the lung.
